As peripheral blood contains fluctuated levels of circulating cell-free mitochondrial DNA (ccf mtDNA), we aimed to evaluate ccf mtDNA as a biomarker for diagnosis and prognosis of epithelial ovarian cancer (EOC). In the present study, we recruited 165 EOC patients and 60 healthy women. Quantitative RT-PCR was applied to amplify 79-bp and 230-bp fragments of the mitochondrial 16 s RNA gene in sera of these participants. MtDNA integrity was defined as the ratio of long to short mtDNA fragments. We observed that the levels of mtDNA79 and mtDNA230 were significantly increased (P = .0001), whereas the mtDNA integrity (P = .0001) was decreased in EOC patients compared with those in healthy controls. MtDNA79 showed a sensitivity of 90.3% and a specificity of 81.7% (AUC = 0.900) to discriminate EOC from healthy controls. Moreover, the amounts of mtDNA79 (P = .0001, P = .012, P = .039) and mtDNA230 (P = .0001, P = .042) continuously raised from healthy controls over FIGO I-II to FIGO III and IV, with highest levels of mtDNA79 (P = .0001) and mtDNA230 (P = .0001) in FIGO III and IV. Increasing levels of mtDNA79 (P = .003, P = .0001) and mtDNA230 (P = .041, P = .0001) were also associated with lymph node metastasis and CA125 values. The higher levels of mtDNA79 (P = .0001; HR 3.2, 95%CI:1.6-6.3) and mtDNA230 (borderline P = .048, HR 0.9, 95%CI:0.9-1.0) also correlated with poor patients' overall survival, of which mtDNA79 could act as an independent factor for overall survival. Our data show a significant association of increasing levels of ccf mtDNA with EOC progress and poor prognosis.
Introduction
Epithelial ovarian cancer (EOC) is the second most malignant cancer in women. The high mortality of EOC patients is mainly owing to the first diagnosis at advanced stages [1] . Therefore, circulating nucleic-acid based biomarkers are emerging approaches in the exploration of noninvasive assays for an improved screening of EOC and other cancer types. Regarding studies on circulating DNA, previous publications mainly focused on the detection of circulating genomic DNA in cancer patients, but the potential of mitochondrial DNA (mtDNA) as diagnostic and prognostic molecular markers have also been reported [2] . unmethylated DNA. MtDNA causes inflammatory processes via activating pattern recognition receptor [3, 4] . Besides, mtDNA may crosstalk directly with activated leukocytes and be involved in antimicrobial activities [3] . Upon its release under mechanical, chemical or oxidative stress into various body fluids, alterations of the circulating cell-free (ccf) mtDNA content have been shown to correlate with a broad range of clinical conditions, including trauma severity [5] , HIV infection and inflammation [6] , cellular damage induced by exposure to chronic low-dose radiation [7] , exposure to toxic/carcinogenic chemicals [8] , aging [9] , Alzheimer's [10] and Parkinson's [11] disease, multiple sclerosis [12] and cardiovascular disease [13] . A change in the amount of ccf mtDNA has also been reported in a variety of cancer types, such as head and neck cancer [14] , prostate cancer [15] , lung cancer [16] , clear cell renal cell carcinoma [17] . In EOC patients, the levels of ccf mtDNA in plasma were reported to be elevated compared with healthy women and patients with benign ovarian diseases, indicating its diagnostic value [18] . Moreover, the predictive relevance of ccf mtDNA was also reported. Its levels significantly decreased in plasma of EOC patients after 6 cycles of chemotherapy [19] .
The present study is designed to determine whether the ccf mtDNA content and its integrity could provide valuable information for the early detection and prognosis of EOC. We amplified 79 bp and 230 bp fragments of the mitochondrial 16 s RNA gene in the sera of two populations of 75 Chinese and 90 German EOC patients, and compared their levels with 60 healthy women. The short fragments (b200 bp) and the long fragments (N200 bp) are supposed to represent the mtDNA cleaved by apoptosis or degraded by macrophages and mostly mtDNA from necrosis, respectively [8] .
MtDNA integrity was defined as the ratio of long to short mtDNA fragments. In the current study, our measurements showed a significant association of ccf mtDNA levels with progress and prognosis of EOC.
Materials and Methods

Patients and Healthy Donors
The present study included 165 randomly chosen serum samples from EOC patients, of whom 90 patients were treated at the Department of Gynecology, the University Medical Center Hamburg Eppendorf (Hamburg, Germany), and 75 patients were from the Department of Gynecology, the Affiliated Hospital of Medical School of Ningbo University (Ningbo, China), for histologically confirmed International Federation of Gynecology and Obstetrics (FIGO) stages I-IV. Serum samples of EOC patients from Germany and China were collected directly before surgery from February 2010 to April 2013 and from January 2011 to May 2017, respectively, and were stored in nuclease-free tubes at −80°C. Median ages of EOC patients from Germany and China were 63 (range 30-89) and 62 (range 25-84) years, respectively. Followup information was available for 146 patients, of whom 19 Chinese and 26 German patients were dead. The median follow-up was 18 (range 1-77) months and 14 (rang 1-38) months for the German and Chinese patient cohorts, respectively. Table 1 shows the clinicopathological variables of German and Chinese EOC patients. In addition, the serum samples of 60 age-matched healthy women (median age of 60, range 37-78) with no history of any cancer and in good health based on the results of wellness testing in 2017 were selected and obtained from the Physical Examination Center, the Affiliated Hospital of Medical School of Ningbo University (Ningbo, China). All recruited patients and healthy women gave written informed consent to access their blood samples. Blood collection and experiments were performed in compliance with the Helsinki Declaration, and were approved by the ethics committee (Ethik-Kommission der Ärztekammer Hamburg, Hamburg) and the Clinical Research Ethics Committee of Medical School of Ningbo University.
DNA Extraction
Total circulating DNA was extracted from 250 μL serum using the NucleoSpin DNA Plasma/Serum Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer's instructions. The concentrations of extracted DNA were measured on a NanoDrop-1000 Spectrophotometer (Thermo Scientific, Waltham, MA USA) before the storage under −20°C.
Quantitative Real-Time PCR
Two primer sets specific for the mitochondrial ribosomal 16 s-RNA were designed as described in the previous study [8] . The primer pair, mtDNA79 amplified a 79-bp DNA fragment and the primer pair, mtDNA230 amplified a 230-bp DNA fragment. The sequence of the forward primer for both, mtDNA79 and mtDNA230 was 5′-AGCCGCTATTAAAGGTTCG-3′. The sequences of the reverse primers specific for mtDNA79 and mtDNA230 were 5′-CCTGGATTACTCCGGTCTGA-3′ and 5′-GGGCTCTG CCATCTTAACAA-3′, respectively. The degree of the 
Data Normalization and Statistical Analyses
The relative amounts of mtDNA fragments were calculated and evaluated by the ΔCq method as follows: ΔCq = mean value Cq (GAPDH)mean value Cq (mtDNA79/mtDNA230), and the relative mtDNA amounts corresponded to the value of 2 (ΔCq) .
The statistical analyses were performed using the SPSS software package, version 22.0 (SPSS Inc., Chicago, IL, USA). Assuming nonparametric distribution of the data, univariate analyses of the Mann Whitney U test of two independent variables (e.g. healthy controls vs. EOC) were used. For the comparison of N2 independent variables (e.g. healthy controls vs. G1-2 vs. G3, healthy controls vs. FIGO I-II vs. FIGO III vs. FIGO IV, healthy controls vs. N0 vs. N1, healthy controls vs. tumor free vs. tumor residue), relative expression data were firstly Ln transformed in order to obtain normally distributed data, and then statistical differences were evaluated using ANOVA with Tukey's HSD test for all pairwise comparisons that correct for experiment-wise error rate. In order to estimate the optimal sensitivity and specificity of the mtDNA fragments to discriminate two groups of different clinical pathological parameters, receiver operator characteristic (ROC) analysis was carried out. For the correlation analyses, bivariate analyses of the Spearman-Rho test were applied considering the nonparametric distribution of the data. Univariate and multivariate analyses were performed for prognostic factors of patients' overall survival and recurrence-free survival using the Cox regression model. Kaplan-Meier plots were drawn to estimate patients' overall survival, and the log-rank test was applied. Missing data were handled by pairwise deletion. P b .05 was considered statistically significant. All P values are two sided.
Results
Quantification of Serum mtDNA79 and mtDNA230 Fragments
The amount of total DNA and the relative levels of the ccf mtDNA fragments (mtDNA79, mtDNA230) were quantified in the serum samples of 90 German and 75 Chinese patients with EOC, and 60 agematched healthy women by a NanoDrop Spectrophotometer and SYBR qRT-PCR, respectively. The amplification and melting curves of GAPDH, mtDNA79 and mtDNA230 products by qPCR are shown in Supplementary Figure S1 . The levels of total DNA (P = .436), mtDNA79 (P = .377), mtDNA230 (P = .842) and integrity (P = .187) showed no statistically significant difference between German and Chinese EOC patients (Supplementary Figure S2 ). In addition, no difference of serum DNA amounts was observed between healthy controls and EOC patients (Supplementary Figure S3 ). However, the serum levels of ccf mtDNA79 (P = .0001) and mtDNA230 (P = .0001) were significantly higher, whereas the levels of the mtDNA integrity (mtDNA230/mtDNA79, P = .0001) were strikingly lower in EOC patients than those in healthy women ( Figure 1A ). AUC (area under the curve) values of the mtDNA79 and mtDNA230 fragments to differentiate EOC patients from healthy controls were 0.900 and 0.829, respectively ( Figure 1B) , while that of integrity was 0.715 ( Figure  1C) , showing the diagnostic power of mtDNA79, mtDNA230 and the mtDNA integrity to discriminate EOC patients from healthy women. Sensitivities and specificities of the mtDNA fragments and the mtDNA integrity were determined by the highest Youden index (sensitivity +specificity-1), whereby ccf mtDNA79 could best discriminate between EOC patients and healthy controls with a sensitivity of 90.3% and a specificity of 81.7% ( Figure 1D ).
Correlation of the ccf mtDNA Fragments and Integrity with Clinicopathological Parameters
The above findings provoked us to evaluate whether the changes of the levels of mtDNA79, mtDNA230 and the mtDNA integrity correlate with the clinicopathological features, including grading, FIGO stages, lymph node status and postoperative tumor residue. Supplementary Table S1 summarizes the p-values of the mtDNA variables between different patient subgroups and the healthy control group. High levels of ccf mtDNA79 (P = .0001, P = .0001) and ccf mtDNA230 (P = .0001, P = .0001) as well as a low mtDNA integrity (P = .003, P = .001) significantly correlated with lower (G1-2) and higher (G3) grading compared with healthy controls, but no difference of the levels of mtDNA79, mtDNA230 and the mtDNA integrity could be observed between these subgroups ( Supplementary Table S1 ). In respect to the FIGO stages, as shown in Figure 2A , there were significant continuous increases in the levels of mtDNA79 (P = .0001, P = .012, P = .039) and mtDNA230 (P = .0001, P = .042) from healthy women over the patients with FIGO stage I-II to the patients with FIGO stage III and IV, suggesting a significant association of the levels of mtDNA79 and mtDNA230 with tumor progression. Highest levels of mtDNA79 (P = .0001) and mtDNA230 (P = .0001) could be detected in FIGO III and IV stages suggesting a correlation with an increasing metastatic potential, which involves peritoneal and distant metastases. Intrigu- ingly, the levels of mtDNA79, mtDNA230 and the integrity could discriminate healthy women from patients with FIGO I-II with the AUCs of 0.893, 0.812 and 0.709, respectively ( Figure 2 , B and C).
These findings are also supported by the significantly higher levels of ccf mtDNA79 in lymph node-positive EOC than in lymph nodenegative EOC (P = .003). The levels of ccf mtDNA230 could also differentiate between the two lymph node statuses, but only with a borderline significance (P = .041). As expected, the levels of the mtDNA integrity (P = .002, P = .0001) decreased from healthy controls to lymph node-negative and -positive EOC ( Figure 2D ). Additionally, a close examination was also applied with the parameter of postoperative tumor residue. Interestingly, the levels of ccf mtDNA79 (P = .001) and mtDNA230 (P = .013) were significantly higher in EOC patients with a tumor residue than in patients without a tumor residue ( Figure 2E ). Serum assessment of the tumor marker CA125 (carbohydrate antigen 125) is currently the standard of care to perform diagnosis, to follow response to treatment, and to predict prognosis of EOC patients. In order to analyze whether the levels of mtDNA79 and mtDNA230 are associated with the values of CA125, correlation analyses of the Spearman-Rho test were performed. As CA125 values were not available in the cohort of healthy women, we could only A B r=0.296 **p=0.0001 r=0.318 **p=0.0001 carry out this statistical evaluation with the data derived from the serum samples of EOC patients. As shown in Figure 3 , A and B, there were positive correlations of mtDNA79 (r = 0.296, P = .0001) and mtDNA230 (r = 0.318, P = .0001) with the values of CA125.
Prognostic Value of Increased Levels of the mtDNA Fragments and mtDNA Integrity
In order to evaluate the prognostic potential of mtDNA fragments and integrity, Kaplan-Meier and log-rank models were carried out in EOC patients. The median follow-up time was 16 (range 1-77) months, while the median patients' overall and recurrence-free survival times were 16 and 14 months, respectively. Median values of mtDNA79, mtDNA230 and the mtDNA integrity were used to group the EOC samples according to low and high mtDNA levels. High levels of mtDNA79 (P = .0001, n = 73, Figure 4A ) and mtDNA230 (P = .048, n = 73, Figure 4B ) statistically correlated with poor patients' overall survival. Further univariate analyses with the Cox proportional hazards showed that besides mtDNA79 (HR: 3.2, 95%CI: 1.6-6.3) and mtDNA230 (HR: 0.9, 95%CI: 0.9-1.0), lymph node status (HR: 4.8, 95%CI: 2.0-11.6), CA125 (HR: 3.0, 95%CI: 1.1-8.4), tumor residue (HR:2.8, 95%CI: 1.5-5.1) were prognostic factors ( Figure 4C ). Furthermore, closer multivariate Cox analyses with the factors of mtDNA79, mtDNA230, lymph node status, CA125 and tumor residue were carried out. Among these factors, only ccf mtDNA79 acted as an independent predictor of patients' overall survival in EOC patients (HR: 3.0, 95%CI: 1.1-7.7, P = .025, Figure 4C ). Again, these findings show the more prominent role of ccf mtDNA79 than mtDNA230 in EOC diagnostics and prognostics. The mtDNA integrity showed no prognostic significance in our analyses (Supplementary Figure S4) . Moreover, no correlation of mtDNA79, mtDNA230 and the mtDNA integrity could be observed with recurrence-free survival (data not shown).
Validation of the Results in High-Grade EOC Patients
Since high-grade EOC is the most common and serious histological subtype, we further evaluated the mtDNA data in the subgroup of 95 patients with grading 3 (G3). The detailed characteristics of EOC patients with G3 are summarized in Supplementary Table S2 . Compared with the above results, we found similar results to those of the whole patient cohort. Consistent with the observations in Figure 1A derived from the whole EOC patient cohort, the relative amounts of mtDNA79 (P = .0001), mtDNA230 (P = .0001) were significantly elevated, and the mtDNA integrity (P = .0001) was decreased in the serum samples of EOC patients with G3 compared with healthy controls ( Figure 5A ). Moreover, in the G3 group, as shown in Figure 5B mtDNA79 and mtDNA230 were higher in the single FIGO I-II, III and IV stages than those in healthy controls, with highest levels of both mtDNA79 (P = .0001) and mtDNA230 (P = .0001) in both FIGO III and IV stages. As expected, the levels of the mtDNA integrity were significantly decreased in the subgroups of FIGO I-II, III and IV compared with healthy women ( Supplementary Table S3 ). These findings on FIGO stages in the G3 group confirmed our results derived from the whole patient cohort. Regarding the lymph node status, the levels of mtDNA79 were increased (P = .001) in the subgroup of lymph node-positive but not -negative EOC, while the levels of mtDNA230 (P = .0001, P = .0001) were increased and the mtDNA integrity (P = .034, P = .0001) decreased in both subgroups of lymph node-negative and -positive stages ( Supplementary Table  S3 ). Regarding the tumor residue status after surgery, there were no differences of the 3 variables between the subgroups of tumor free and tumor residue ( Supplementary Table S3 ). In addition, in line with our findings above on the correlations of mtDNA79 and mtDNA230 with CA125 values in Figure 3 , and mtDNA79 with patients' overall survival in Figure 4A , we observed similar significant correlations between mtDNA79 and CA125 values (r = 0.371, P = .0001, Figure 5C ), and between mtDNA230 and CA125 values (r = 0.399, P = .0001, Figure 5D ), as well as between higher levels of mtDNA79 and poor patients' overall survival (P = .023, Figure 5E ). No correlations of mtDNA230 and the mtDNA integrity could be observed with patients' overall survival (P = .052, P = .504, respectively) and recurrence-free survival in the G3 group (data not shown).
Discussion
In the present study, we show that the serum mtDNA content (mtDNA79 and mtDNA230 fragments) was significantly increased (P = .0001, P = .0001) in EOC patients compared with healthy women, of which mtDNA79 distinguished EOC patients from healthy women with a sensitivity of 90.3% and a specificity of 81.7%. Highest levels of both, mtDNA79 and mtDNA230 were associated with advanced pathological features and metastatic potential (peritoneal and distant metastasis), including FIGO III and IV, lymph node invasion and postoperative tumor residue, as well as poor patients' overall survival. The mtDNA integrity was significantly decreased (P = .0001) in EOC cohort compared with healthy controls, indicating particularly an association between an increase in small mtDNA fragments with tumor progression.
Our EOC patient cohort consisted of 2 populations of 90 German and 75 Chinese individuals, in whom the contents of total DNA, mtDNA79, mtDNA230 and the mtDNA integrity showed no differences, indicating a consistent presence of mtDNA in human blood between both races. Based on these data, serum mtDNA was analyzed and compared with the patients' pathological parameters in both populations together. In our investigations, increased mtDNA79 and mtDNA230 levels, as well as the decreased mtDNA integrity in the serum of EOC patients had diagnostic value in discriminating EOC from healthy controls. To date, there are only a few studies dealing with the quantification of ccf mtDNA in EOC patients. In line to our findings, by the quantification of mitochondrial DNA encoded ATPase (MTATP) 8 gene, Zachariah et al. demonstrated that the quantities of plasma mtDNA in EOC were elevated compared with a healthy control group, and had the capacity to discriminate between EOC patients and healthy individuals with a sensitivity of 63% and a specificity of 62% [18] . We show that mtDNA79 was even able to distinguish between EOC patients and healthy controls with a sensitivity of 90% and a specificity of 82%. These authors did not also find an association between their measurements of mtDNA with the patients' pathological parameters. These differences may be explained by that they analyzed a low number of EOC patients, and thus, much smaller patient subgroups. Similar with our findings on the correlation of high mtDNA levels with advanced FIGO stages, through the quantification of mitochondrial cytochrome b gene), Kalavska et al. reported that patients with stage I had significantly lower plasma mtDNA compared to patients with stage II-IV [19] . However, in contrast to our study, which considered early FIGO I-II, FIGO III with peritoneal metastasis and FIGO IV with distant metastasis separately, the study by Kalavska et al. merged FIGO II with FIGO III-IV. Importantly, in uni-and multivariate analyses, we observed correlations of higher levels of mtDNA79 (HR 3.2, 95%CI 1.6-6.3) and mtDNA230 (HR 0.9, 95%CI 0.9-1.0) with poor patients' overall survival, of which mtDNA79 could serve as an independent factor in estimating patients' overall survival, indicating its prognostic value in EOC.
Besides pelvic examination and transvaginal ultrasound, current diagnostic methods for detection and monitoring of EOC mainly include measurement of serum biomarker CA125. However, these methods are not sufficiently specific to diagnose EOC at an early stage, since e.g., the sensitivity of CA125 increases during cancer progression. CA125 values are only elevated in approximately 50% of FIGO I, but 70% to 90% of advanced FIGO stages [20] . In particular, the significant association of increasing levels of mtDNA79 and mtDNA230 with those of CA125 values detected in our study shows the relevance of these ccf mtDNA fragments in advanced FIGO stages. Furthermore, our findings suggest that quantification of the mtDNA79 and mtDNA230 yields in addition to the measurements of CA125 values may contribute to the improvement of standard of care in performing diagnosis, following response to treatment, and predicting prognosis of EOC patients. Amazingly, we also found that the levels of ccf mtDNA79 (P = .001) and mtDNA230 (P = .013) were significantly higher in EOC patients with a postoperative tumor residue than in patients without a tumor residue. Although mtDNA was quantified in preoperative serum samples, this correlation of mtDNA levels with tumor residue after surgery could point to a higher tumor load and heterogeneity.
We also evaluated our observations from the whole patient cohort in the high grading subgroup, the most serious EOC, and found similar data. In the high grading subgroup, highest levels of mtDNA79 and mtDNA230 could also be detected in advanced FIGO stage and were associated with increasing CA125 values. Moreover, higher levels of mtDNA79 were related to poor patients' overall survival, indicating the prognostic relevance of the mtDNA79 fragment. These reproducible findings confirm the increase in mtDNA levels as a risk factor in EOC. Advanced EOC harbored significantly higher mtDNA levels, suggesting an excessive release of mtDNA into the blood circulation in aggressive EOC. This phenomenon might be explained by the fact that in advanced malignancies the abundant cell death of tumor and surrounding tissues may induce more mtDNA shed into the bloodstream.
Regarding the mtDNA integrity, which is determined by the ratio of mtDNA230 to mtDNA79, compared with the healthy controls, EOC patients showed lower levels of the mtDNA integrity. Our findings show that there was more abundant mtDNA79 than mtDNA230 circulating in the serum of EOC patients, implying an active apoptotic phenomenon in EOC. However, the mtDNA integrity could not differentiate between less and more aggressive EOC, and had no relationships with CA125 values and patients' overall survival, indicating that the mtDNA integrity rather reflects the state and source of mtDNA than pathological conditions. So far, the pathophysiological mechanisms leading to the increase in ccf mtDNA in EOC remain largely enigmatic, but it is hypothesized that the excessive release by apoptotic or necrotic cells and the reduced clearance by inflammatory cells during tumor development may contribute to the altered mtDNA content. Additionally, ccf mtDNA not only circulates in a cell-free form, but also in a particle-associated form [21] , which protects mtDNA from digestion by DNase.
Although there are increasing publications reporting the possible usefulness of circulating mtDNA content as diagnostic or prognostic factor in other tumor types, such as non-Hodgkin lymphoma [22] , lung cancer [16] , pancreatic cancer [23] , breast cancer [24] , prostate cancer [25] , hepatocellular carcinoma [26] , renal cell carcinoma [27] or glioma [28] , prior to the application of ccf mtDNA as a noninvasive biomarker in clinic, large-scaled multicenter studies with long follow-up data are necessary to confirm the clinical relevance of ccf mtDNA.
In summary, in our study, we show that the abnormal high levels of serum mtDNA79 and mtDNA230 are accompanied by advanced EOC, and related to poor patients' overall survival. These results provide an alternative to utilize ccf mtDNA as a noninvasive tool for the diagnosis and prognosis of EOC.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.tranon.2019.05.015.
